Au/Al2O3 nanocomposite films, studied in this work, were prepared by RF-magnetron sputtering technique on glass substrate at room temperature under two different argon pressures, and subsequent heat treatment. Formation of gold nanoparticles was confirmed by X-ray diffraction patterns and UVvisible absorption spectroscopy. Au fill fraction f, changed from f=10.78% to f=25.45%, when argon pressure increased from 2x10 -3 mbar to 10x10 -3 mbar. For the as-deposited samples, reduction in volume fraction of gold particles causes a decrease in particle size, a lattice expansion and a blue-shift of the SPR peak position. An opposite trend is observed in the lattice parameter with respect to the gold volume fraction for the annealed samples. A small change in the sizes is observed and no significant shift of band absorption peak in samples of low Au content. However, at higher Au concentration, an appreciable red shift of the surface plasmon resonance with increasing temperature is observed. Experimental optical absorption spectra of all the samples were theoretically simulated by MaxwellGarnett effective medium theory.
Introduction
Thin films containing metal nanoparticles (NPs) exhibited a specific physical properties different from those of the corresponding bulk material have been for a long time the subject of various experimental and theoretical studies. One of the main properties of interest is the optical, that when light impinges onto a metallic NP, its free conduction electrons may respond collectively by oscillating in resonance. This collective resonant excitation, which occurs in the visible range of the electromagnetic spectrum in the case of noble metal nanoparticles, is known as a surface plasmon resonance (SPR) [1, 2] . The resonance frequency is influenced by several factors, e.g. size, shape and the chemical environment of the metal NPs, such that modifying one of these parameters represents a way to control the properties of the corresponding composite materials (i.e., a matrix containing metallic NPs) [3] [4] [5] [6] [7] .
Optical properties, particularly for small gold nanoparticles (Au-NPs), embedded in different dielectric matrices have attracted researchers for their fundamental and various applications [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . To model the optical absorption spectra, various theoretical models have been developed to simulate the optical response of the metal/dielectric nanocomposite films. Among them, as early as 1908, SPR was first quantitatively described by Mie's theory by solving Maxwell's equation with appropriate boundary conditions for spherical particles, and under the assumption that there is no interaction between the metal nanoparticles. However, additional effects related to size and interaction between nanoparticles cannot be ignored in the optical properties. Another significant drawback for this theory arise from the assumption that dielectric constant of small metal nanoparticles is same as bulk, but opposite is true [22, 23] .
Indeed, for larger metal volume fractions, the Maxwell-Garnett (M.G) effective medium theory agrees better with the experimental results by introducing the particle-particle interactions, as well as the modifications induced by the matrix material [24] . This theory describes quite well the position and shape of the SPR and its dependence on the metal filling factor [25] . The effective dielectric constant ( ) of a composite material with spherical metal inclusions having a filling factor is given by the expression:
where ε i (ω) and ε m are the complex dielectric functions of the metal and the host matrix, respectively. The dielectric function of Au was taken from the work of Palik [26] . The dependence of the metal dielectric function on the size of the particles is taken into account using the model presented by Hövel et al [27] :
where ε is the bulk gold dielectric constant, ω P , v F and Γ bulk being, the metal plasma frequency, the Fermi velocity and the electron scattering rates in the bulk respectively, and A is a phenomenological parameter including details of the scattering process. The absorption coefficient α of the composite can be obtained from the following formula [28] :
where ε e1 and ε e2 are the real and imaginary parts of the effective dielectric function ε eff . Because metal/dielectric nanocomposite films can be elaborated with appropriate properties, synthesized techniques are very important. A variety of methods have been used for synthesizing Au/Al2O3 composite films, such as melt quenching, ion implantation [29] [30] [31] , sol-gel [32, 33] , Laser evaporation [34] [35] [36] [37] , and RF magnetron sputtering [38] [39] [40] [41] [42] [43] . The flexibility that permits the fabrication of diverse composite films using various metal-dielectric combinations and the capability to produce composite films with uniformly distributed metal particles are other advantages of sputtering methods [44, 45] .
As a comparison to the theoretical works, the experimental data in the literature are much scattered and in many cases confusing. Although it has been identified that the SPR is influenced by four factors including the metal particle size, as well as the concentration, shape, and dielectric function of the surrounding materials [4, 46, 47] . The complicated sources of the first two factors make it difficult to differentiate them experimentally. Moreover, the lack of experimental data in the small size regime causes more confusion when compared with various theoretical models.
The present work focuses on the investigation of the influence of Au concentration and thermal annealing on the structural and optical properties of Au/Al2O3 nanocomposite films deposited by RF-magnetron sputtering. The as-deposited and heat-treated composite films were examined by X-ray diffraction, EDX and optical absorption spectroscopy.
Experimental Methods
Au/Al2O3 composite thin films were grown by RF magnetron sputtering technique using an Alcatel SCM 650 system. The target is constituted by two materials: alumina disc (99.99%) with a diameter of 50 mm, over which chips of gold covering a fraction (r Au Al 2 O 3 ⁄ = 1.3% ), were placed on top of alumina disc. Sputter deposition, in a radio frequency (13.56 MHz) machine, has been carried out after the chamber reached a base pressure of 1x10 −6 mbar, before the argon gas for the sputtering was introduced. In order to obtain desired metal particle size and concentration, the argon pressure deposition was varied. The films has been grown on glass substrates (ISO 8037) at room temperature. The substrate to target distance, deposition time and applied power were fixed at 60 mm, 4h 30min and 50w respectively. Two set of samples were prepared at room temperature under 2x10 −3 mbar and 10x10 −3 mbar, they are denoted A1 and A2 respectively. After deposition, the samples were additionally annealed at temperatures 300 °C, 400 °C and 500 °C for 1hour. Structural properties of the composite films were examined by X-ray diffraction (XRD), using a Siemens D5000 diffractometer. The atomic concentration of the Au was examined by Energy Dispersive X-Ray Analysis (EDX). Finally the optical absorption spectra of the composite films was measured using Shimadzu UV 3101 PC spectrophotometer, in the wavelength range of 200-2000 nm.
Results and Discussion

Structural Characterization
Energy-Dispersive X-Ray Spectroscopy (EDX) Analysis
The EDX analysis of the Au/Al2O3 composite films shown in Fig. 1 and Fig. 2 , confirms the presence of oxygen (O), aluminum (Al) and gold (Au). There also exist peaks for Si, Na and Ca due to the glass substrate. The quantitative results of Au/Al2O3 thin films reported in Table 1 show, that the atom % for Au increases from 5.47% to 14.68% when the Argon pressure value changes from 2x10 −3 to 10x10 −3 mbar. The atomic percentage was then converted to the volume concentration (also known as the filling factor) by the formula:
The calculated values of are 10.78 % and 25.45% corresponding to 2x10 −3 and 10x10 −3 mbar respectively. So, the Au concentration can be controlled by the magnetron sputtering technique deposition parameters, precisely by working argon pressure in this study.
Structural Analysis
In order to investigate the effect of Au concentration on structural properties of Au/Al2O3 nanocomposite films, the XRD measurements were performed. Fig. 3 shows the X-ray diffraction patterns of the samples deposited at two working argon pressure, 2x10 −3 mabr and 10x10 −3 mabr, implicitly at two concentrations (f1=10.78% and f2=25.45% respectively). X-ray diffractogram of gold thin film with a cubic structure, presented as a reference, is also reported in Fig. 3 . No reflection peaks are visible from the XRD pattern of the A1 series. With increasing Au concentration, the broadening peaks with low intensity for the A2 series are most likely due to the small size of the Au-NPs [49] . This make difficult the determination of peak position and full width of half maximum (FWHM) with a good accuracy. So, the XRD patterns were deconvoluted, assuming pseudo-Voigt functions using commercial software program available on our computer. Note that the purpose of the deconvolution is to fit the measured XRD spectrum in well-defined peaks to which a physical meaning can be attributed. For more details see the works [28, 41-43, 48, 49] . The curve fitting XRD spectrum of A1 series is reported in Fig. 4 . Outside the peak assigned to amorphous alumina film, the diffraction peaks resulting from the fitting are attributed to the crystal planes of Au (111), Au (200) and Au (220). The peak positions are in agreement with the well-known data: IJPDS-04-0784 characteristic of the FCC cubic structure, indicating that the small gold particles should adopt a fcc-like structure.
On the basis of the peak width, in radians, at a 2θ value of Bragg's angle of the Au (111) reflection, the crystallite sizes were estimated from the Debye-Scherrer's equation: = ⁄ ; where K is a constant taken as 0.9 and is the integral breadth that depends on the width of the particular ℎ plane; = 1.5406 Å , is the wavelength of the CuKα source. The lattice parameter were determined using the equation (ℎ ) = a/√ℎ 2 + 2 + 2 , where the value of (ℎ ) , for an XRD peak was determined from Bragg's law, 2 (ℎ )  = . Here, ℎ is the crystal plane indices, (ℎ ) is the distance between crystal planes of (ℎ ). The calculated size of Au-NPs increases from 0.84 nm to 1.25 nm when the Au concentration increases from 10.78% to 25.45%. While the corresponding values of lattice parameter decreases from 4.098 Å to 4.065 Å. In order to promote some structural changes that will be required to tailor the SPR effect, the films were thermally annealed in air, at temperatures ranging from 300 °C up to 500 °C. For A1 series, the peak Au (111) became apparent at 300 °C, according to the results displayed in Fig.  5 . The broad XRD peak seems to become more intense and narrower, which might be an indication of increasing Au nanoclusters formation. After deconvolution, the deduced values of lattice parameter and the estimated size from the Au (111) reflection are reported in Table 2 . A shift to higher angles, indicating lattice contraction, was observed. The values of lattice parameter decreases from 4.138 Å to 4.058 Å and the mean diameters of Au-NPs vary from 0.66 nm to 1.01 nm, when the annealing temperatures vary from 25 °C to 500 °C. A similar trend is observed for the annealed A2 series in which the Au-NPs size increases from 1.25 nm to 1.7 nm as shown in Fig. 6 . The lattice parameter presents an opposite trend with annealing temperature. Its show an increase from 4.068 Å to 4.101 Å. Variation of lattice parameter with annealing temperature of the two samples is represented in Fig. 7 . It is evident from this figure that the annealing treatment has an opposite effect on the two series. For the A2, there is an expansion of the lattice parameter, whereas a contraction has occurred for the A1. On the basis of the EDX and X-ray diffraction measurements, from the variation of the argon pressure, we can easily control the size and the concentration of Au in the Au/Al2O3 composite films. The results of the influence of gold concentration on the as-deposited thin films can be summarizing in two observations: an increase of particle size and a decrease of lattice constant when the sputtering argon pressure is increased. The thermal annealing favors the formation of Au-NPs with larger size [50] . 
Optical characterization
Based on the M.G theory, the surface-plasmon resonance occurs when
where is the surface-plasmon resonance frequency [47, 51] . This frequency is given by the following formula [40] :
The medium dielectric function ε m is taken as a constant number of 3.1 for the Al2O3 matrix in the energy range examined. Therefore, the above equation suggests that three factors will affect the surface-plasmon frequency:
, the plasma frequency = ( 2 0 ⁄ ) 2 depends upon the electron density n and effective mass . core ( ), the core electrons contribution to the dielectric constant in the vicinity of the surface-plasmon resonance. f, the volume concentration of the metal.
Initially, we discuss the lattice constant effect on ω P . We follow the work of Cai et al [52] , who noted that due to strain, the plasma frequency ω P in Eq. 6 changes due to the resulting change in free electron density, the plasma frequency can be written for Face-Centered Cubic(FCC) metals as [40] :
where ( ) and (∞) are the plasma frequency for AuNPs and the bulk, respectively. We note that 0 = 4.08 Å is the lattice constant of the bulk gold. Clearly, any variation in the lattice constant due to mechanical strain will impact the plasma frequency ( ), which will result in either a blue or redshift of the optical spectra. The difference between the deformed and undeformed lattice parameter is denoted . Fig. 8 presents the variation of the volume plasmon as a function of annealing temperature. The value of increases firstly for the A1 series from 1.36x10 16 Hz to 1.4x10 16 Hz and decreases secondly for the A2 series from 1.39x10 16 Hz to 1.36x10 16 Hz when the annealing temperature increases from 25 °C to 500 °C. The increasing of leads to a blue-shift while its decrease leads to a red-shift according to Eq. 6. Furthermore, any strain-induced change in lattice constant also impacts the Fermi velocity which can be written as:
where 0 is the corresponding value of the bulk. We can now focus on the contribution from 1 core ( ) , after eliminating the contribution from ( ). It is known that the core electrons have important influences on the SPR energy of the noble-metal particles when considering the screening effect from the electrons. As discussed by Lerme et al. [53] , mechanical strain affects also the dielectric function for the ionic core, or bound electrons. This can be written as:
The bulk value of Au core in the vicinity of is 10 [35] , captures the strain-induced change in lattice constant as:
We therefore plot in Figs. 9-12 the contribution of the ionic core to the real and imaginary parts of the dielectric function for our samples subject to both tensile and compressive strain. The figure clearly shows that the core dielectric function is substantially impacted by strain. As seen in Fig. 9, 1 decreases from about 12.82 to 10.28 for the A1 series and increases from about 10.55 to11.52 for the A2 series, when the annealing temperatures increases from 25 °C to 500 °C as shown in Fig. 11 . The imaginary part 2 of the core dielectric function reported in Fig. 10 and Fig. 12 , shows a significant enhancement due to strain .Therefore, an increase in the imaginary part of the dielectric function, which represents an enhancement in the active damping mechanisms, is known to strongly reduce the magnitude of the far field optical efficiency [54, 55] , this explains the reduced scattering and absorption efficiencies due to strain. The optical absorption spectra as a function of annealing temperature for the two series A1and A2 are shown in Figs. 13-14 . From Fig. 13 , we can see that the sample which was not thermally annealed, the SPR peak characteristic of the gold particles is not discernable. The broad absorption peak in the unannealed sample can be associated to the gold particle sizes smaller than 2 nm [56] . With the increase of annealing temperature, a progressive of a broad band appears. From the measured absorption spectra, it is not easy to determine the position of the SPR band and describe the trend of SPR bands in the sample because the band is weak and broad. Unlike in the A1series, a remarkable SPR peak is observed for the as-deposited sample in series A2 as seen in Fig. 14 . This means that the intensity of SPR absorption band is correlated with the change in the volume fraction of Au nanoparticles [5, 35, 36] .The intensity of the SPR absorption band increased progressively with the increase of the annealing temperature of the films. This effect is attributed to the increment in the particle size caused as mentioned above by the increase of the annealing temperature of the samples, since the SPR absorption of small metal particles is originated from the collective motion of the conduction electrons interacted with external electromagnetic field of the incident radiation. Using M-G theory with mean free path correction, the theoretical absorption spectra were calculated by a combination of Eqs.
(1-3) and (6) (7) (8) (9) . The used values of plasma frequency, Fermi velocity, damping constant and the scattering parameter, , ,, A, respectively were cited in the work [28, 41, 42, 48] . The simulation and the experimental plots are shown in Figs. 15-16 . The parameter values deducted from this simulation are summarized in Table 3 . The size effect on the SPR band has two stages. The first stage is of Au particles smaller than 2 nm. The second stage is of Au particles beyond 2 nm. At the first stage, the intensity of the SPR band increases slightly, the plasmon peak positions just vary from 501 nm to 503 nm, and the obtained average sizes increase slightly from 2.1 nm to 2.4 nm when heating temperature varies from 300 to 500 °C. The size effect on the SPR band shift can be ignored. This results are consistent with the reported value for Au-Nps , where SPR appears around 500 nm [57] [58] [59] [60] . Similar observations have been reported for other gold-dispersed dielectric materials: Alvarez et al [56] prepared passivated gold particles with sizes in the range 1.4-3.2 nm, found that with decreasing size, the SPR band broadened until it became unidentifiable for sizes less than 2 nm. Palpant et al [35] found also, that the plasmon absorption is damped and blueshifted with decreasing particle size, in the case of gold clusters in the size range 2-4 nm, embedded in alumina matrix grown by co-deposition technique using pulsed laser ablation. Formation of gold nanoparticles embedded in silica films using RF-magnetron sputtering technique with subsequent thermal treatment have been reported in [48] . In the second stage, the intensity of the SPR band continuously increases while the SPR band shifts to a longer wavelength with increasing the size of Au particles. The plasmon peak positions vary from 515 nm to 530 nm, and the obtained average sizes from the optical absorption spectra, increase from 2.5 nm to 3.70 nm, when heating temperature varies from 25 to 500 °C.
According to our simulation results, the shift of the SPR band towards shorter wavelength may be ascribed to the decrease of the volume fraction of Au-NPs. The increasing of the intensity of the peak absorption band with increasing annealing temperature can be attributed to the increase of size of Au particles. The heat treatment has a remarkable effect on the A2 series with high Au concentration while this effect is negligible for the A1 series.
Conclusion
In this work, we have investigated the effect of concentration and thermal annealing on the structural and optical absorption spectra of gold/alumina nanocomposite films synthesized by RF-sputtering technique. Gold volume fraction in the composite films was fixed by argon pressure deposition. It was found that the structural and the optical properties of the samples were strongly improved by volume fraction of Au particles and thermal annealing. No diffraction peaks corresponding to the gold phase were detected in the as deposited samples for the lower concentration. Increase in the gold fill fraction in the samples give rise to a broad peaks characteristic of gold nanoparticles in the diffractograms. From the SPR absorption band of the as deposited samples, it can be assumed that the Au was incorporated in the form of very small nanoparticles. After annealing, the samples with higher Au contents favored the growth of gold nanoparticles and have a great impact on the intensity, size and the shift of the plasmon peak.
